D
ue to its importance as a food source around the globe (Briggle and Curtis, 1987) , enhancing the effi ciency of genetic improvement in wheat (Triticum aestivum L.) is a primary goal of most breeding programs. Eff orts have been undertaken to improve traits such as fl owering rate, grain yield, grain volume weight, and grain protein concentration through fi eld-based breeding methods; however, with the advent of molecular markers, plant breeders also have used quantitative trait locus (QTL) analysis and marker-assisted selection (MAS) to select for desired traits (Gupta et al., 1999; Bernardo, 2008) . Quantitative trait loci identifi cation defi nes the chromosomal location and number of loci underlying the genetic control of quantitatively inherited traits. This knowledge facilitates incorporating these traits into regionally adapted cultivars in an effi cient, eff ective manner.
Many genetic mapping populations have been created to evaluate one or two traits (Lin and Chen, 2008; Liang et al., 2006) such as genetic resistance mechanisms for a specifi c disease. In contrast, the analysis of mapping populations segregating for multiple traits of importance (Nelson et al., 1995) allows the discrimination of both genetic associations and genetic correlations Genetic Mapping of Quantitative Trait Loci Associated with Important Agronomic Traits in the Spring Wheat (Triticum aestivum L.) Cross 'Louise' × 'Penawawa'
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ABSTRACT
Understanding the genetic factors underlying agronomic traits in common wheat (Triticum aestivum L.) is essential to making gains from selection during the breeding process. A set of 188 recombinant inbred lines (RILs) from a 'Louise' × 'Penawawa' mapping population was grown for two crop years at two locations in the Pacifi c Northwest region of the United States to identify quantitative trait loci (QTL) associated with seedling growth habit, leaf color, plant height, fl owering date, maturity date, grain volume weight, grain protein content, and grain yield. Quantitative trait loci for fl owering date and maturity date were associated with the Ppd-D1 gene for photoperiod insensitivity. Variation in the QTL for plant height was dependent on location and year and localized to chromosome 2D and 3B. A QTL for leaf color was identifi ed on chromosome 2B. Seedling growth habit mapped to chromosome 2D, and a signifi cant QTL for grain volume weight was detected on chromosome 1B. Quantitative trait loci were identifi ed for grain yield; however, some of these QTL were associated with other known QTL for pest resistance, seedling growth habit, or photoperiod insensitivity. Flowering date, maturity date, and plant height were signifi cantly correlated, which resulted from the pleiotropic effects of the Ppd-D1 gene. The identifi cation of agronomic QTL, and the correlations between and among them, is the fi rst step toward making gains from selection using molecular marker-assisted selection for these important agronomic traits.
due to linkage or pleiotropy with other traits. In wheat, the population used for the International Triticeae Mapping Initiative (ITMI) has been used for numerous QTL studies of this sort (Nelson et al., 1998; Singh et al., 2000; Somers et al., 2004) . One disadvantage of the ITMI mapping population is its lack of relevance and adaptation to most commercial wheat production areas, which limits the utility of the information generated from the population for cultivar enhancement. It would be benefi cial to have access to mapping populations that segregate for essential traits required for successful commercial wheat production in specifi c geographic regions. Quantitative trait loci analysis has been undertaken for many traits in wheat including those associated with agronomic adaptation and grain production. For example, Kato et al. (2000) identifi ed multiple QTL on chromosome 5A of wheat associated with grain yield and yield components. Traits such as grain yield, tiller number, and spikelet number were associated with multiple chromosomal regions but were largely explained by allelic variation at the Vrn-A1 locus (Kato et al., 2000) . In an analysis of chromosome 3A, Campbell et al. (2003) identifi ed three QTL for plant height, one QTL for kernel weight, two QTL for grain yield, and eight QTL for yield components. All grain yield QTL were associated with other QTL that also had been identifi ed for 1000-kernel weight, kernel number per spike, and number of spikes per square meter. McCartney et al. (2005) identifi ed 35 major QTL associated with agronomic traits located on 16 of the 21 wheat chromosomes in a spring wheat doubled haploid mapping population. Six major agronomic traits (plant height, maturity, lodging, grain yield, grain volume weight, and kernel weight) were evaluated and at least three QTL were identifi ed for each trait, many having pleiotropic eff ects with other QTL. Börner et al. (2002) used the ITMI mapping population to evaluate 20 morphological, agronomic and disease resistance traits and more than 60 major QTL were discovered on 20 of the 21 wheat chromosomes. Huang et al. (2004) created a backcross population from a cross between a German elite winter wheat line and a synthetic wheat cultivar, which was evaluated for seven agronomic traits. A total of 57 QTL covering 18 of the 21 wheat chromosomes were identifi ed, most of which were associated with plant height, 1000-kernel weight, and grain weight per ear. While some of these QTL are useful in marker-assisted breeding schemes, many of them were specifi c to the environments and populations in which they were identifi ed, which limits their utility across diverse production regions (Bernardo, 2008) . However, identifi cation of chromosome regions associated with favorable agronomic characteristics specifi c to geographic regions can be of great practical use within cultivar development programs, which are typically regionally focused.
Two soft white spring wheat cultivars, 'Louise' (Kidwell et al., 2006 ; PI 634865) and 'Penawawa' (PI 495916), which are adapted and widely grown in the Pacifi c Northwest (PNW) region of the United States, diff er for many important agronomic and disease resistance traits. The target growing region for spring wheat in the PNW comprises 526,000 ha over three states (Idaho, Oregon, and Washington) . The objective of this study was to collect phenotypic data from multiple trials in diverse environments in Idaho and Washington on a recombinant inbred line (RIL) population derived from crossing Louise to Penawawa and to identify DNA markers associated with QTL for important agronomic traits in this population. By doing so, a better understanding of the genetic control of multiple agronomic traits in wheat will be gained, which can be used to improve spring wheat in the PNW. Comparisons with previously identifi ed QTL for agronomic traits in other populations and regions can also be made. The mapping population and genetic linkage map also are available for use by other wheat researchers.
MATERIALS AND METHODS

Genetic Resources and Genotyping
An F 6:7 RIL population of 188 individuals from a cross between Louise and Penawawa was selected for phenotypic and genotypic analyses. The cross was initiated in the fall of 2005 and single seed descent was utilized to obtain the RIL population. Louise, a soft white spring wheat released in 2005, has moderate grain volume weight, low grain protein concentration, and high grain yield potential under nonirrigated production conditions. Louise is well adapted to the dryland production region of the northern PNW in Idaho and Washington. Penawawa, a soft white spring wheat released in 1985, has moderate grain volume weight, moderate grain protein concentration, and lower grain yield potential in nonirrigated production but competitive yields in the southern part of the PNW. These two parents also contrast for other disease and end-use quality traits that are not discussed in this paper.
The genotype data used for linkage map construction included one single nucleotide polymorphism (SNP) and 296 simple sequence repeat (SSR) markers. The marker Ppd-D1 was used to detect the presence of the photoperiod insensitivity gene Ppd-D1 (Hanocq et al., 2004; Beales et al., 2007) . The RIL population and the linkage map are fully described in Carter et al. (2009) . Briefl y, the linkage map comprises 25 linkage groups with markers spaced an average of 9.0 cM apart. Previously published mapping data (Somers et al., 2004) were used to align linkage groups with all 21 wheat chromosomes.
Field Experiment
Field trials were conducted in Genesee, ID (46°35' N, 116°56'W, and 864.7 m elevation), and Pullman, WA (46°41' N, 117°08'W, and 776.3 m elevation), in 2007, and in Moscow, ID (46°43'N, 116°57' W, and 796.1 m elevation) and again in Pullman, WA, in 2008. Plots were planted using an α-lattice design with three replicates per location (Mason et al., 2003) . Each replicate consisted of 22 incomplete blocks, and each incomplete block consisted of nine RIL. Five plots of each parental line were included as random checks in each replicate. Each plot was 0.8 m wide and genotype × environment were considered random, whereas environment was fi xed. Genetic correlations (r g ) were determined by dividing the estimated genetic covariance between two traits by the estimated genetic standard deviation for each trait using SAS code provided by Holland (2006) . Broad-sense heritability (h 2 ) was calculated on a progeny mean basis combined over locations using the formula: h 2 = Var(G)/Var(P) (in which Var(G) is the variance of the genotypic eff ect and Var(P) is the variance of the phenotypic eff ect) using SAS code provided by Holland et al. (2003) . Phenotypic variances included the interaction with environmental variances. In the case of RIL in wheat, the broad sense heritability closely estimates narrow sense heritability but also includes additive epistatic interactions.
The genetic linkage map was constructed using Mapmaker V3.0 (Lander et al., 1987) . Segregation of marker loci was tested for goodness-of-fi t to the expected 1:1 ratio using the χ 2 test. Linkage groups were established using the "group" command with a recombination value of 0.5 and a constant logarithm of odds (LOD) score of 3.0. Three-point linkage analyses were performed using the "compare" command to determine the most likely order of markers with the shortest genetic distance within each group. For large linkage groups, a framework order was established using the above procedure and additional markers were mapped using the "try" command and verifi ed using the "ripple" command. The Kosambi map function was applied to calculate the genetic distances in centiMorgans (cM) between the ordered markers (Kosambi, 1944) . Each linkage group was assigned to a wheat chromosome based on previously mapped SSR markers available at Graingenes (http://wheat. pw.usda.gov/GG2/index.shtml; verifi ed 9 Oct. 2010).
Quantitative trait loci for agronomic traits were identifi ed using WinQTLCart V2.5 (Basten et al., 1997) . Quantitative trait loci detection was then performed across environments as well as within each environment using composite interval mapping (CIM) (Zeng, 1993; 1994) . The lsmeans from Proc GLM were used to QTL analysis. A critical LOD threshold value of 3.0 was used to detect signifi cant QTL. The QTL confi dence interval was determined by a one LOD dropoff . Percentage of phenotypic variation (R 2 ) explained by a single QTL in each environment was determined using CIM.
RESULTS AND DISCUSSION
Phenotypic Data
Analysis of variance indicated that the parents, Louise and Penawawa, were signifi cantly (p < 0.0001) diff erent from each other for all traits analyzed (Table 1) . Environment and genotype eff ects also were signifi cant for the RIL population for all traits analyzed (p < 0.0001; Table 1), except for the environment eff ect on grain yield. As expected, means of the RIL population for all traits were nearly identical to the mean trait values of the two parental lines (Table 2) . Transgressive segregation was observed for all traits, except for seedling growth habit and leaf color (Fig. 1 ). This population also segregated for resistances to the Hessian fl y (data not shown) and to stripe rust (Carter et al., 2009 ). Flowering and maturity date spanned 22 and 24 d periods, respectively. Although both parents carry the Rht-B1a and (three rows) by 5 m long. The plots were planted using a modifi ed 8-row planter with double disc openers spaced at 15 cm intervals (Wintersteiger planter model TRM 2200; Wintersteiger Co., Salt Lake City, UT). In 2007, plots were planted on 5 April and 6 April in Pullman and Genesee, respectively. In 2008, plots were planted on 21 April and 2 May in Pullman and Moscow, respectively. Before planting, the fi eld was cultivated and fertilized with N (formulated as urea) at a rate of 101 kg ha −1 . Due to diff erences in resistance to the foliar fungal disease stripe rust (caused by Puccinia striiformis f. sp. tritici) to which Louise is resistant and Penawawa is susceptible, plots were sprayed with Tilt (propiconazole; Syngenta, Basel, Switzerland) at the rate of 0.3 L ha -1 at stem extension (Feekes 10; Feekes, 1941) to prevent confounding results with disease susceptibility.
Agronomic Trait Data Collection
Seedling growth habit at early tillering (Feekes 4) was identifi ed as either erect (score of 1, similar to Louise) or prostrate (score of 2, similar to Penawawa). Flowering date was recorded as the day ( Julian) when 50% of the heads had emerged from the fl ag leaf (Feekes 10.3) . Leaf color was recorded on an ordinal scale where 1 = green (similar to Louise) and 2 = green-blue (similar to Penawawa) at late fl owering (Feekes 10.54) . Plant maturity was recorded as the day ( Julian) when 50% of the peduncles had transitioned from green to yellow (Feekes 11.2) . Plant height was recorded as the height (cm) from the ground to the middle of the head at full plant maturity (Feekes 11.4) . A mechanical small plot combine (Nurserymaster Classic; Wintersteiger Co., Salt Lake City, UT) was used to harvest plots. Grain yield was measured from seed collected from the combine as grams per plot and reported as kg ha −1 . Grain ranged from 9 to 10% moisture when harvested. Grain protein concentration was analyzed on an Infratec 1229 Whole Grain Analyzer (Foss, Eden Prairie, MN) and reported as g kg −1
. Grain volume weight was measured using a Seedburo fi lling hopper and stand (Seedburo Equipment Co., Chicago, IL). Grain volume weight was measured in lb bu −1 and reported as kg m −3 .
Statistical and QTL Analysis
Statistical analysis of the agronomic trait data was performed using the statistical package SAS V9.1 (SAS Institute, Raleigh, NC). Analyses were performed separately for the two parental lines and for the entire RIL population, although all were grown in the same experiments. Levene's test for heterogeneity of variance was used to test for diff erences among experimental variances across environments. Heterogeneity of variance was only signifi cant (p < 0.0001) for plant height; therefore, plant height data were log transformed to correct for heterogeneity (Bartlett and Kendall, 1946) . Analysis of this experiment was performed using both the α-lattice design (to account for block within replication variation) as well as a randomized complete block design. The α-lattice design did not improve the relative effi ciency as compared to the randomized complete block design and thus was ignored. Analysis of variance (ANOVA) for the randomized complete block design was performed using Proc GLM and means for each trait within each environment were determined using LSMEANS. The statistical model for the ANOVA was: Y = environment + replication within environment + genotype + genotype × environment + error. Replication, genotype, Rht-D1b alleles at the homeologous Rht-1 major dwarfi ng gene loci (McIntosh et al., 2008) , a range in plant height of 43.5 cm was detected among RIL indicating that other genetic or environmental factors were contributing to plant height (Fig. 1) . The average grain volume weights among RIL ranged from 680 to 770 kg m −3 , and grain yield average ranged from 4000 to 5700 kg ha −1 (Fig. 1 ).
Flowering date, seedling growth habit, and leaf color had high heritability estimates, whereas those for maturity date, plant height, and grain volume weight were moderate (Table 2 ). The heritability estimates for grain protein concentration and grain yield were very low. Similar heritability results for agronomic traits were identifi ed by McCartney et al. (2005) , Talbert et al. (2001) , and Huang et al. (2006) . The concept of heritability is defi ned by Hanson (1963) as the fraction of the selection diff erential expected to be gained when selection is practiced on a defi ned reference unit. By selecting the QTL for a trait such as fl owering date with high heritability estimates, there is a high probability that selections carrying this QTL will have the resulting phenotype of early fl owering (Holland et al., 2003) . In contrast, if the QTL alleles associated with high grain yield were selected, there is a lower probability that selected lines will actually have higher grain yield due to the low heritability estimate.
Trait Correlations
Genetic correlations between traits are due to linkage and/ or pleiotropy and indicate the magnitude and direction of correlated response to selection as well as the relative efficiency of indirect selection (Holland, 2006) . When traits are highly correlated, plant breeders can select for the trait with higher heritability and simultaneously indirectly select for the other trait, thus maximizing genetic gain for both traits in segregating populations. Genetic correlations were calculated among RIL for the agronomic traits measured in the population (Table 3) . Genetic correlations of a magnitude r < |0.30| will not be discussed (Moore, 2007) . Seedling growth habit and leaf color were not included in the correlation analysis because trait data was not continuously distributed. Grain volume weight had a low but positive correlation (r = 0.31; p < 0.0001) with grain yield (Table 3) . Similar correlations among these traits have been previously documented (Löffl er and Busch, 1982; Kibite and Evans, 1984; Börner et al., 2002; Groos et al., 2003; McCartney et al., 2005; Narasimhamoorthy et al., 2006) . Although, based on r values, about 69% of the variation for grain volume weight accounted for by grain yield remains unexplained, direct selection on the higher heritability grain volume weight may result in some improvement of grain yield. Grain protein content and grain yield were negatively correlated (r = -0.38; p < 0.0001), which is in agreement with previous studies (Gauer et al., 1992; Groos et al., 2003) . Groos et al. (2003) report that even though there is a negative relationship between grain yield and protein concentration, favorable alleles for both traits can be inherited from the same parent indicating that it is possible to increase grain yield and grain protein concentration at the same time.
Flowering date and maturity date were highly correlated (r = 0.96; p < 0.0001) ( Table 3) . Flowering date and plant height (r = 0.39; p < 0.0001) as well as maturity date and plant height (r = 0.46; p < 0.0001) were moderately correlated (Table 3 ). The signifi cant correlations detected among plant height, fl owering date, and maturity date most likely resulted from pleiotropic aff ects of the Ppd-D1a allele for photoperiod insensitivity, as has been documented in other studies (Worland, 1996; Snape et al., 2001; Dyck et al., 2004) . In breeding programs where earlier fl owering date and short plant height are desired, selection for the Ppd-D1a allele could be benefi cial.
Plant height was positively correlated (r = 0.42; p < 0.0001) to grain yield, with taller plants having higher grain yield potential (Table 3) . Because the eff ects of the two Rht-1 genes are additive, the presence of either RhtB1b or Rht-D1b has been termed semidwarf, whereas the presence of both Rht-B1b and Rht-D1b results in very short, "double" dwarf plants. Although variation for plant height was signifi cant for this population, all of the RIL were semidwarf and were fi xed for the Rht-B1a and the Rht-D1b alleles. Additional variation for height in this population was due to variation at other loci. Semidwarfi sm has long been associated with higher grain yields in wheat (Vogel et al., 1963) , although selecting taller plants within semidwarf populations may increase grain yield potential. Allan (1989) compared the eff ects of the reduced height alleles at Rht-B1 and Rht-D1, and found genotypes with Rht-B1b, which resulted in a taller phenotype than those with Rht-D1b, had higher grain yield potential. McCartney et al. (2005) associated the Rht-D1b allele to decreases in grain yield, grain volume weight, and 1000-kernel weight when compared to Rht-B1b. Law et al. (1978) studied the genetic relationship between height and yield in wheat using four semidwarf wheat cultivars, and taller dwarf plants had higher yield potential than their shorter counterparts. In similar studies of semidwarfi sm in tetraploid wheat, Gale et al. (1981) and Flintham et al. (1997) identifi ed positive correlations between plant height and grain yield. Directly selecting taller semidwarf lines may be a useful breeding strategy for indirectly selecting for higher grain yield potential.
Seedling Growth Habit QTL
One QTL for seedling growth habit (prostrate vs. erect), designated QSgh.wak-2D, was detected on chromosome 2D using linkage analysis (Fig. 2) . This QTL was not detected in the Moscow, 2008, location. QSgh.wak-2D was localized on chromosome 2D in a 6.7 cM interval associated with fi ve SSR markers. Xgwm608 is 2.8 cM distal to the peak, and markers Xcfd62, Xbarc228, Xcfd168, and Xwmc41 are 0.1, 0.4, 0.7, and 3.9 cM proximal to the peak, respectively. QSgh.wak-2D had a LOD score ranging from 2.5 to 4.1 and explained only 5 to 8% of the phenotypic variation across environments. When averaged over all environments, this QTL was detected at a LOD score of 3.0 and explained 7% of the phenotypic variation. The prostrate seedling growth habit was associated with the allele from Penawawa. We did not detect an association between the allele from Penawawa for seedling growth habit and the other traits measured.
Other studies have detected QTL for seedling growth habit including Li et al. (2002) who identifi ed three seedling growth habit QTL using the ITMI mapping population. The QTL were located on wheat chromosome 1DS, 2DS, and 6AS, although only the 2DS QTL was identifi ed at both locations. Li et al. (2002) noted that seedling growth habit was aff ected by number of tillers per plant as well as days to fl owering (controlled by allelic variation at the Ppd-D1 gene for photoperiod sensitivity/insensitivity). In contrast, Kulwal et al. (2003) , also using the ITMI population, identifi ed four QTL for seedling growth habit, one on chromosome 2DL, one on chromosome 4D, and two on chromosome 5DL. Diff erences in the method of data collection or environmental variation may account for the discrepancy in results across experiments. No associations between days to fl owering and seedling growth habit were detected by Kulwal et al. (2003) . Based on comparison of molecular maps and interactions between seedling growth habit and days to fl owering, the 2DL Table 3 . Genetic correlations and standard errors among six agronomic traits for data collected from recombinant inbred lines from the 'Louise' × 'Penawawa' wheat population combined over four locations. QTL identifi ed by Kulwal et al. (2003) appears to be in the same location as QSgh.wak-2D.
Time to Flowering and Maturity QTL
A QTL for fl owering date and a QTL for maturity date both mapped to a 41.5 cM region on chromosome 2D in all environments (maturity data not collected in the 2007 Genesee location). The peak of both QTL coincided with the dominant Ppd-D1a allele for photoperiod insensitivity, which was derived from Penawawa. The QTL, designated QFlt.wak-2D and QMat.wak-2D, had LOD scores ranging from 8.8 to 19.7 and 8.7 to 17.6, respectively. Both QFlt.wak-2D and QMat.wak-2D were fl anked by Xbarc168 and Xcfd36 at distances of 12.0 and 29.5 cM, respectively (Fig. 2) . These QTL explained 24 to 41% and 27 to 40% of the phenotypic variation for fl owering date and maturity date, respectively. When averaged over all environments, QFlt.wak-2D and QMat.wak-2D were detected at a LOD score of 15.0 and 15.7 and explained 40 and 37% of the phenotypic variation, respectively. Recombinant inbred lines with the dominant allele fl owered 4 d earlier and matured 3 d earlier than lines with the recessive allele. Another QTL for fl owering and maturity date was detected on chromosome 7D when analyzed over all environments.
Designated QFlt.wak-7D and QMat.wak-7D, these were detected at LOD scores of 4.0 and 5.4 and explained 10 and 11% of the phenotypic variation, respectively. Recombinant inbred lines with the Louise allele for QFlt.wak-7D and QMat.wak-7D were observed to fl ower and mature 1 d earlier than those with the Penawawa allele. Ppd-D1 has been characterized in many genetic studies, although its eff ect in diff erent environments varies. Foulkes et al. (2004) noted that Ppd-D1a advances fl owering in the winter cultivars 'Mercia' and 'Cappelle-Desprez' by 12 and 9 d, respectively. Dyck et al. (2004) stated that hard red spring wheat lines that are photoperiod insensitive fl ower 3 d earlier than those that are photoperiod sensitive. Maturity date also was accelerated by 2 d. Snape et al. (2001) reported that the Ppd-D1a allele can accelerate fl owering date anywhere from 6 to 14 d. Using the ITMI mapping population, Li et al. (2002) stated that Ppd-D1a reduces days to fl owering by 5 d. Results from our study align with previous reports of acceleration in fl owering date resulting from the Ppd-D1a allele, although it is evident that genetic background and environmental conditions impact response.
Although the presence of the Ppd-D1a allele is typically associated with earlier fl owering and maturity dates, these characteristics may not always be desired or benefi cial. The southern Great Plains and California contain wheat producing regions that have long grain fi ll periods, and genetically decreasing time during this phase by incorporating Ppd-D1a into adapted cultivars may adversely aff ect grain yield. Conversely, in the northern Great Plains and many parts of Washington, incorporation of this gene may be benefi cial in areas were planting dates are delayed by spring moisture or where maturity is initiated early due to high summer temperatures. As evidenced by the results from this population in the PNW, it appears this gene might be useful for increasing grain yield in these regions, although further research must be conducted to validate this theory.
Leaf Color QTL
A single QTL was detected for leaf color and mapped to a 17.7 cM region on chromosome 2BL. QCol.wak-2B had LOD scores ranging from 13.0 to 25.6 across locations and explained 33 to 50% of the phenotypic variation. When averaged over all environments, QCol.wak-2B had a LOD score of 28.0 and explained 55% of the phenotypic variation. QCol. wak-2B was fl anked by Xcfd238 and Xgwm614 at distances of 14.1 and 3.6 cM, respectively (Fig. 2) . The Louise allele contributed to a lighter leaf color associated with a green leaf, whereas the Penawawa allele contributed to a darker leaf color with a more blue-green appearance. Leaf color varied significantly across years and locations, indicating that environmental factors aff ect the expression of this trait.
Leaf color is mainly attributed to the accumulation of wax on the epidermis, also known as glaucousness, which imparts a bluish-green cast commonly referred to as bloom ( Johnson et al., 1983) . Although this trait is thought to be associated with photosynthetic effi ciency and drought tolerance, the diffi culty observing this trait across years and locations limits the ability to select for it, resulting in the reliance of markers for selection of this trait. Kulwal et al. (2003) identifi ed 14 molecular markers with signifi cant association with leaf color using tests of independence. These markers were present on wheat chromosomes 1A, 1D, 2B, 2D, 6A, 7A, and 7D. Chromosome 2B is of particular interest since QCol.wak-2B is located there. Kulwal et al. (2003) identifi ed signifi cant marker associations with plant color on the short arm and long arm of chromosome 2B, although based on map comparisons it was diffi cult to determine if these locations were similar to QCol.wak-2B.
Plant Height QTL
Three QTL for plant height were detected on chromosome 3B, and all mapped within a 55.2 cM region (Fig.  2) . Three QTL were detected at Pullman in 2008, two at Pullman in 2007, and one at Genesee in 2007 and Moscow in 2008. These QTL correspond to three distinct adjoining regions on chromosome 3B, none of which have been identifi ed to carry genes controlling height in previous reports (McIntosh et al., 2008) . QHt.wak-3B.1 2, 7.7, and 10.5 at Pullman, 2008 Pullman, 2007; and Genesee, 2007, respectively . This QTL spanned a 17.8-cM region fl anked by Xwmc777 and Xbarc164. QHt. wak-3B.3 had LOD scores of 3. 1, 8.1, and 9.6 at Pullman, 2008; Pullman, 2007; and Moscow, 2008, respectively . This QTL spanned a 15.4-cM region fl anked by Xbarc164 and Xbarc344. When combined over all locations, QHt. wak-3B.2 was the only signifi cant QTL on chromosome 3B with a LOD score of 11.7 and explained 26% of the phenotypic variation. Penawawa was, on average, 13 cm shorter than Louise, even though both cultivars carry the Rht-D1b allele. Recombinant inbred lines with the Penawawa allele at any of the three QTL were 4 cm shorter than RIL with the Louise allele.
Variation in height within lines with similar Rht-1 alleles appears to be dependent on environmental conditions and genetic backgrounds. Richards (1992) identifi ed plant height variations among isogenic line sets containing either the RhtB1b or the Rht-D1b allele. Depending on the environment, lines within each set varied in height by 30 cm. Rebetzke et al. (1999) also identifi ed signifi cant diff erences between lines containing the same Rht-1 alleles, and attributed differences to time of sowing as well as environmental factors. Trethowan et al. (2001) identifi ed a signifi cant interaction between allelic variation at Rht-B1 and genotype. Depending on the genetic background, removal of the Rht-B1b allele increased plant height by 22 cm to 45 cm. Although the incorporation of the semidwarf alleles at Rht-1 conditions short plant stature; other loci also are involved.
One additional QTL for plant height, designated QHt. wak-2D, was detected on chromosome 2D when data were averaged across locations and had a LOD score of 5.3 and accounted for 13% of the phenotypic variation. This QTL coincided with the QTL for fl ower and maturity date (Fig.  2) as well as allelic variation at Ppd-D1. Presence of QHt. wak-2D was associated with a height reduction of 3 cm. In a study of the role of Ppd-D1 on fl owering time, Snape et al. (2001) stated that pleiotropic eff ects were consistent with producing shorter plants; therefore, the gene also behaves as a height reducing factor. Dyck et al. (2004) demonstrated that photoperiod insensitive lines with the Ppd-D1 gene were 5.5 cm shorter than lines without the gene, and similar reports were published by Marshall et al. (1989) and Worland (1996) . Albeit small, the consistent reduction in plant height associated with the Ppd-D1a allele may be useful in cultivars grown in high rainfall or irrigated production conditions where earliness and short plant stature are desirable.
Grain Volume Weight QTL
One QTL was detected on chromosome 1B for grain volume weight in three of the four locations tested. It was not present in Pullman, 2007, but had a LOD score ranging from 3.4 to 4.8 at the other locations. When averaged over all environments, this QTL was detected at a LOD score of 5.8 and explained 21% of the phenotypic variation. QGvwt.wak-1B spanned a 17.7 cM region of chromosome 1B and was fl anked by markers Xgwm247.1 and Xcfd48 (Fig. 2) . The presence of the Penawawa allele at this locus resulted in an increase in grain volume weight of 2.6 kg m −3 . Some studies have attributed increases in grain volume weight to earliness traits (Busch et al., 1984; Marshall et al., 1989) , whereas others have not (Knott, 1986; Dyck et al., 2004) . Earliness may be in part responsible for the increases detected in this study. This QTL, although signifi cant, would have little value in a breeding program as it minimally increases grain volume weight.
Grain Yield QTL
Two signifi cant QTL for grain yield were identifi ed at the Moscow, 2008, location and one QTL (QYld.wak-2D.3) at the Genesee, 2007, location. All three of the QTL identifi ed mapped to regions on chromosome 1A or 2D where other QTL had been identifi ed or known genes reside (Fig. 2) QYld.wak-1A also identifi ed at the Moscow, 2008, location mapped to chromosome 1A and coincided with the location of a putative QTL for Hessian fl y resistance (data not shown). The population is segregating for Hessian fl y resistance at this allele and, although Hessian fl y infection was not recorded in this experiment, a cool, wet spring resulted in an 11 d delay in spring planting, which created an ideal environment for infection (Smiley et al., 2004) . Recombinant inbred lines containing Hessian fl y resistance had an average grain yield advantage of 336 kg ha −1 at this location. When averaged over all environments, none of the previously mentioned QTL were identifi ed. Instead, three new QTL were identifi ed for grain yield on chromosomes 2D (QYld.wak-2D.2), 3B (QYld.wak-3B), and 5D (Qyld. wak-5D) (Table 4 ). These were detected at LOD scores of 6.5, 5.9, and 3.0 and explained 23, 14, and 6% of the phenotypic variation, respectively. The Penawawa allele at Qyld.wak-2D.2 contributed to a higher grain yield of 252 kg ha −1 . The Louise allele at QYld.wak-3B and Qyld. wak-5D contributed to higher grain yields of 214 and 126 kg ha −1 , respectively. More experiments would need to be conducted to identify if these QTL are present in multiple backgrounds over multiple years to identify if these would be useful in integrating into a breeding program to increase the grain yield of future cultivars.
Yield QTL are typically associated with yield components or environmental adaptation traits. Li et al. (2002) found genetic evidence that Ppd-D1 reduces both tiller number per plant as well as spikelet number per spike, indicating a possible reduction in grain yield. Worland et al. (1998) confi rmed reductions in tiller and spikelet number but detected an increase in spikelet fertility, compensating for these reductions. In southern and central Europe, winter wheat cultivars carrying the Ppd-D1a allele have a 30 and 15% yield advantage over photoperiod sensitive cultivars, respectively (Worland et al., 1994; Worland, 1996) . Environmental conditions in southern Europe favor cultivars with early heading dates, so that grain fi ll is completed before arrival of the hot, desiccating summer conditions. Studies by Dyck et al. (2004) suggest that photoperiod sensitive lines are generally higher yielding than insensitive lines when grown in Canada. In contrast, Busch et al. (1984) and Marshall et al. (1989) reported that photoperiod insensitivity in the spring wheat growing regions of North Dakota and Minnesota was not associated with grain yield penalties. Thus, grain yield potential due to photoperiod insensitivity is highly dependent on the environment and should be examined closely in the target production region before being used as selection criterion.
Increases in grain yield are associated with allelic variation at other important loci, including the Rht and Vrn genes (Quarrie et al., 2005; Rebetzke et al., 1999) . Groos et al. (2003) identifi ed a major QTL for grain yield on chromosome 7D near the Pch1 locus, which confers resistance to Pseudocercosporella foot rot. It was postulated that the yield increase did not result directly from the presence of Pch1, since no disease symptoms were present and the trials were treated with fungicide. Groos et al. (2003) suggest that other important genes infl uencing grain yield may have been introgressed with the Pch1 locus. Many QTL identifi ed for grain yield result from pleiotropic eff ects of other genes (pest resistance and photoperiod response) that cause plants to be better adapted to their growing environment. Hence, it is important to understand the relationship these yield QTL have with other known traits, otherwise incorporation of these QTL into new cultivars will not result in yield increases.
CONCLUSION
Quantitative trait loci analysis on quantitatively inherited agronomic traits begins to unlock their genetic complexity and determine the interaction among traits and environmental conditions. In this study, photoperiod insensitivity had a pleiotropic eff ect on many agronomic traits such as plant height, fl owering date, maturity date, and grain yield; however, the value of the Ppd-D1a allele is environmentally dependent and seems to be of more benefi t when high temperatures or drought limit the grain fi ll period. Additional loci controlling plant height exist aside from major known genes for reduced height and also are environmentally dependent. Selection of taller plants containing one of the major dwarfi ng genes also may indirectly select for higher grain yield. Identifi ed QTL for higher grain yield potential were environmentally dependent and associated with the Ppd-D1 gene and QTL for seedling growth habit and for Hessian fl y resistance. Grain yield is so highly dependent on environment; it can be infl uenced by diff erent loci in each case. It is useful for breeders to understand the specifi c QTL × environment interactions that are critical in their target production areas. Improved understanding of the number and locations of loci through QTL analysis of important agronomic traits allows breeders to make gains from both direct and indirect selection, thereby facilitating the improvement of complex traits in regionally adapted wheat cultivars. Table 4 . Signifi cant quantitative trait loci (QTL) identifi ed through composite interval mapping in a 'Louise' × 'Penawawa' recombinant inbred line mapping population for agronomic traits at four locations in the Pacifi c Northwest. 
